Pacific Northwest National Laboratory performed several tests in the exhaust air discharge from the new 3420 Building Filtered Exhaust Stack to determine whether location of the air sampling probe for emissions monitoring is acceptable. The method followed involved adopting the results of a previously performed test series from a system with a similar configuration, followed by several tests on the actual system to verify the applicability of the previously performed tests. The qualification criteria for these types of stacks include metrics concerning 1) uniformity of air velocity, 2) sufficiently small flow angle with respect to the axis of the duct, 3) uniformity of tracer gas concentration, and 4) uniformity of tracer particle concentration.
Introduction
The new construction of the Physical Sciences Facility (PSF) at the Pacific Northwest National Laboratory (PNNL) incorporates three laboratory buildings that will house PNNL radiological capabilities. As a result, PNNL has determined that emissions monitoring must be conducted for radionuclides in the exhaust air discharge of these buildings. The air monitoring system is required to conform to applicable federal regulations (Title 40 of the Code of Federal Regulations Part 61 [40 CFR 61] 1. Perform a full test series on the actual exhaust system 2. Perform the full test series on a scale model of the exhaust system, followed by a partial test of the actual exhaust system to verify the validity of the model results 3. Adopt the results from previously performed full test series for a system with similar configuration, followed by a partial test of the actual exhaust system to verify the applicability of the previous test results.
The third approach was selected to evaluate the acceptability of the location of the air sampling probes for the three laboratory buildings of the PSF. This report describes the partial test conducted at the 3420 Building, also known as the Radiation Detection Laboratory. Also included in this report are the results from the previously performed full test series that serves as the basis for compliance with the standard. Tests on the actual stack were conducted on June 10 and 11, 2010.
Qualification Criteria
The qualification criteria for a stack air monitoring probe location are taken from ANSI/HPS N13.1-1999 and are paraphrased as follows:
1. Uniform Air Velocity-It is important that the gas velocity across the stack cross-section where the sample is extracted be fairly uniform. Consequently, the velocity is measured at several points in the stack at the position of the sampling nozzle. The uniformity is expressed as the variability of the measurements about the mean. This is expressed using the coefficient of variation (COV), (b) which is the standard deviation divided by the mean and expressed as a percentage. The lower the COV value, the more uniform the velocity. The acceptance criterion is that the COV of the air velocity must be ≤20% across the sampling plane.
(a) The American National Standards Institute delegates the writing, publication and maintenance of this standard to the Health Physics Society, McLean, Virginia. (b) Coefficient of variation is considered "dated" terminology. The modern terminology is percent relative standard deviation. However, because the standard uses the older terminology, it will likewise be used here.
2. Angular Flow-Sampling nozzles are typically aligned with the axis of the stack. If the air travels up the stack in cyclonic fashion, the air velocity vector approaching a sampling nozzle could be sufficiently misaligned with the nozzle to impair the extraction of particles. Consequently, the flow angle is measured in the duct at the location of the sampling probe. The average air-velocity angle must not deviate from the axis of the duct by more than 20°.
3. Uniform Concentration of Tracer Gases-A uniform contaminant concentration in the sampling plane enables the extraction of samples that represent the true concentration within the duct. The uniformity of the concentration is first tested using a tracer gas to represent gaseous effluents. The fan is a good mixer, so injecting the tracer downstream of the fan provides worst-case results. The acceptance criteria are that 1) the COV of the measured tracer gas concentration is ≤20% across the sampling location, and 2) at no point in the sampling location does the concentration vary from the mean by >30%.
4. Uniform Concentration of Tracer Particles-The second set of tests addressing contaminant concentration uniformity at the sampling position uses tracer particles large enough to exhibit inertial effects. Tracer particles of 10-μm aerodynamic diameter (AD) are used by default unless it is known that larger contaminant particles will be present in the airstream. The acceptance criterion is that the COV of particle concentration is ≤20% across the sampling location.
Glissmeyer and Droppo (2007) conducted tests of a similar stack configuration using a scale model and concluded that the stack was compliant with these criteria. Section 5.2.2.2 of the ANSI/HPS N13.1-1999 standard defines additional criteria for applying the results of the scale model for the actual building stack. A summary of these criteria as applicable for the 3420 building stack follows:  The scale model and its sampling location must be geometrically similar to the actual 3420 Building Filtered Exhaust Stack.
 The product of the hydraulic diameter and the mean velocity (DV) of the scale model must be within a factor of six of the DV for the actual 3420 Building Filtered Exhaust Stack.
 The Reynolds number for the model and actual stacks must each be >10,000.
The scale-model results are considered valid if the following are shown by testing on the actual stacks:
 The velocity profile in the actual 3420 Building stack meets the uniformity criterion.
 The velocity uniformity (% COV) values for the model and actual stacks agree to within 5%.
 The flow angle criterion is met on the actual 3420 Building stack. Glissmeyer and Droppo (2007) . The two designs differ in that the model stack has only two fans, whereas the 3420 Building stack has three fans. However, the 3420 will likely run just two of the three fans operationally. As is the case with the other PSF Building stacks, the model stack is rotated 90° around its long axis (except for the bend at the discharge end) so that the air from the fans enters the duct from the side rather than from the bottom. This should have no effect on the uniformity of tracers and on the flow angles or velocity uniformity. The model stack was tested with one and both fans operating, whereas the 3420 stack was tested with two and three fans operating. 
3420 Building Filtered Exhaust Stack Configuration

Testing Strategy
The velocity uniformity test results from the model stack are an important factor in the applicability of the model stack results to any other stack. Table 2 .1 lists the results from the velocity uniformity test conducted on the model using Test Ports 2 and 3 with both one and two operating fans. The average velocity uniformity (%COV) results were 4.8% COV and 4.9% COV for one and two operating fans, respectively. The most applicable test for comparison with the 3420 Building exhaust system is the scale model results from Test Port 3 when both fans were running. The average velocity uniformity for these conditions was 4.7% COV. Therefore, the acceptance range for velocity uniformity results for the 3420 Building exhaust is from 0 to 9.7% COV (a) for the results from the HV-C2 scale model to be considered applicable. Table 2 .2 shows calculations of the acceptable range of the diameter  velocity criterion that also determines the applicability of the scale-model results to the actual stacks. The product of duct diameter times air velocity during the tests with typical flow rates (DV=99,200) was within the acceptable factor of six of the scale model's DV product (32,556 × 6 = 195,336) for two operating fans. Table 2 .2 also includes the Reynolds number for the scale tests and the building stack tests. In all cases, the Reynolds numbers are greater than 10,000, which is another criterion for applying the scale-model results to the building stack. 4.7% +/-5.0% = 0% -9.7% (considering only positive values). (a) Five of the seven runs involve injecting the tracer gas in the four corners and center of the cross section at the injection location. The two additional runs are replicates of the test with the worst-case result.
2.2
3.1
Testing Methods
The testing methods for the confirmatory tests conducted at the 3420 Building stack are outlined in this section. Per the requirement outlined in Section 1, only the flow angle and velocity uniformity tests were conducted on the actual stack. Tracer testing on the actual stack is not currently anticipated. Figure 3 .1 shows the portion of the 3420 duct from approximately the location of the air sampling probe and test ports used in this testing to the stack exhaust. The large grey rectangular box affixed to the side of the duct is the Radiological Air Emission Sampling (RAES) system. The individuals in the photograph are standing on the platform on the north side of the duct that allows access to the inspection hatch and test ports. Figure 3 .2 is a photo of the stack interior taken with the inspection hatch removed. The photo is looking nominally downstream in the stack and shows the shrouded nozzle and flow sensor that make up the sample probe assembly as well as the Pitot tube used in the testing. 
Flow Angle Test
The air velocity vector approaching the sample nozzle should be aligned with the axis of the nozzle, within an acceptable angle, so that sample extraction performance is not degraded. The test method to determine the air velocity vector is based on 40 CFR 60, Appendix A, Method 1, Section 11.4, "Verification of the Absence of Cyclonic Flow." The term "flow angle" refers to the average angle between the air velocity vector and the axis of the exhaust duct (which is parallel to the axis of the sampling nozzle). The flow angle was measured on a grid of points in a cross section of the 3420 Building Filtered Exhaust Stack at the test ports just a few inches downstream of the actual sampling probe. The grid is an array of points in an x-pattern in the cross section of the duct. One line of points is aligned in the same direction as the sampling probe assembly (across the north-south diameter of the duct). The other line was perpendicular to the sample probe assembly (across the top-bottom diameter of the duct). The number and distance between measurement points is based on the U.S. Environmental Protection Agency's (EPA's) method in 40 CFR 60, Appendix A, Method 1. The criterion for acceptance from the flow angle test is that the average angle must be <20°.
The flow angle measurements were made with an S-type Pitot tube (Dwyer Instruments, 160S-72, Michigan City, IN) attached by flexible tubing to a slant-tube manometer (Dwyer Instruments, 400-5) and an angle-indicating device attached to the sampling port as shown in Figure 3 .3. For this test, the S-type Pitot tube was rotated so that the planes of the two openings at the tip of the tube were parallel to the flow in the duct. The Pitot tube is considered perpendicular to the flow in this position. The large metal plate in Figure 3 .3 is the angle-indicating device. It has markings at every degree from -30 degrees to 
Velocity Uniformity Test
The uniformity of air velocity at the stack monitoring location indicates the degree to which the momentum in the stack is well-mixed. The method used to conduct the velocity uniformity tests was based on 40 CFR 60, Appendix A, Method 1. The measurement grid used in the velocity uniformity tests was the same as the grid used for the flow angle test. In general, the criterion for acceptance from the velocity uniformity test is that the COV should be less than 20%.
The air velocity was measured three times at each of the 17 grid points across the cross-section of the duct. The average of the three measurements for the center two thirds of the stack was used to determine the mean and standard deviation of the velocity across the cross-sectional plane. The coefficient of variance (also known as the percent relative standard deviation) was calculated as 100 times the standard deviation divided by the mean. For comparison with the previously conducted tests, the %COV from the actual stack must be between 0 and 9.7% for compliance.
Each air velocity measurement was made using an S-type Pitot tube connected to a calibrated electronic manometer (GrayWolf, Zephyr II+, Shelton, CT) by flexible tubing. Duct air temperature measurements were made with a handheld thermal anemometer (TSI, Model 8360, Shoreview, MN). Figure 3 .4 shows the electronic manometer used for this test. In this test, the S-type Pitot tube was positioned so that the normal vector to one of the two openings at the tip was pointing in the same direction as the axis of the duct. The procedure EMS-JAG-04 and the Test Instruction TI-STMON-010 were followed to conduct this test. (c) ). The technology life cycle includes the progression of technology development, commercialization, and retirement in process phases of basic and applied research and development (R&D), engineering, and production and operation until process completion. The life cycle is characterized by flexible and informal QA activities in basic research, which becomes more structured and formalized through the applied R&D stages.
 BASIC RESEARCH-Basic research consists of research tasks that are conducted to acquire and disseminate new scientific knowledge. During basic research, maximum flexibility is desired to allow the researcher the necessary latitude to conduct the research.
 APPLIED RESEARCH-Applied research consists of research tasks that acquire data and documentation necessary to make sure that results can be satisfactorily reproduced. The emphasis during this stage of a research task is on achieving adequate documentation and controls necessary to be able to reproduce results.
 DEVELOPMENTAL WORK-Developmental Work consists of research tasks moving toward technology commercialization. These tasks still require a degree of flexibility, and there is still a degree of uncertainty that exists in many cases. The role of quality on Developmental Work is to make sure that adequate controls to support movement into commercialization exist.  RESEARCH AND DEVELOPMENT SUPPORT ACTIVITIES-Support activities are those that are conventional and secondary in nature to the advancement of knowledge or development of technology, but allow the primary purpose of the work to be accomplished in a credible manner. An example of a support activity is controlling and maintaining documents and records. The level of quality for these activities is the same as for developmental work. 
Stack Testing Results
Independent reviews were performed to verify the data transcription and calculations. The final data sheets are included in Appendix A.
The duct diameters that were field measured at the test ports were found to be 61.5 and 62.0 inches across the vertical and horizontal traverses, respectively, as listed in Table 4 .1. The distance from the test ports to the nearest upstream disturbance (the junction of the ducts from the two fans) was 79 ft. The tests were conducted at 15.4 duct diameters (DIA = linear distance divided by duct diameter) downstream of the duct junction. In comparison, the scale model tests were conducted at ports located 4.45 DIA, 9.47 DIA, and 14.5 DIA. Table 4 .2 lists the results for the velocity uniformity tests runs (VTs) performed on the 3420 duct. The maximum flow condition used all three fans with all fume hood sashes opened. The minimum flow condition used two of the fans with all fume hood sashes closed. The typical operating condition is expected to be two fans with a mix of opened and closed fume hoods. In all cases, the results were well within the criterion of COV values less than 20%. The average of the four tests was 3.6% COV, which compares well with the 4.7% COV measured for the most similar (geometric and operational) condition represented by the model tests. COV values were within the acceptance criterion derived in Section 2 (<9.7% COV) for verifying that the 3420 Building Filtered Exhaust Stack configuration is represented by the model tests of Glissmeyer and Droppo (2007) . The completed data sheets from these tests are available in Appendix A. Table 4 .3 lists the results for the flow angle tests (FAs) performed on the 3420 duct. The flow conditions for this test were the same as for the velocity uniformity test. In all cases, the results were well within the criterion of average flow angle values less than 20°. The average flow angle for these tests was 2.0°. The completed data sheets from these two tests are available in Appendix A. 
Velocity Uniformity
Flow Angle
Conclusions
Velocity uniformity tests were performed on the 3420 Building Filtered Exhaust Stack during June 2010 and show an acceptable level of agreement with the results of the scale model tests performed previously (Glissmeyer and Droppo 2007) . The previous tests of velocity uniformity had COV values of 4.7%, which allows the results of the actual stack to be up to 9.7% COV. The 3420 velocity tests compared well with the scale model results with an average value of 3.6% COV. Consequently, the location of the air sampling probe meets the qualification criteria given in ANSI/HPS-1999. The gas and particle tracer qualification results of the scale model apply equally to the full-sized stack. The results from Glissmeyer and Droppo (2007) A.2 start To assure similar hose connections end between the manometer and pitot tube, rotating RAES Not functional the pitot tube assembly clockwise drives the meniscus to the right (to higher pos. numbers).
FLOW ANGLE DATA FORM
Side, position 5 is influenced by probe A.3 A.4 These data are extracted from the report by Glissmeyer and Droppo (2007) . Table B .1 lists the gas-tracer uniformity tests conducted on the scale model with the dampers installed at the fan outlets. Only the data for test ports 2 and 3 are shown. The model test Port 3 was about 1 duct diameter closer to the nearest upstream disturbance than the test ports on the 3420 Building Filtered Exhaust Stack. Therefore, the tracer uniformity results for the 3420 Building Filtered Exhaust Stack would likely be slightly more favorable relative to the acceptance criteria.
The % COV was calculated for the measured gas concentration at the points in the center two-thirds area of the scale model stack. The percent deviation from the mean concentration was also calculated for any point in the measurement grid. 
